Abstract-To enhance the power efficiency of broadband wireless access devices based on battery power, an adaptive power saving strategies based on cross-layer design is proposed for IEEE 802.16e sleep-mode operation. In this paper, we evaluate performance of the power-saving mechanism based on sleep mode in IEEE 802.16e mobile Worldwide Interoperability for Microwave Access (WiMAX) system, which is based on time scheme to trigger transition from awake mode to sleep mode and a sleep window to next sleep window. After being idle for a period of time, a design time parameter to overcome the flaw of power efficiency drop with the short time sleep, mobile station switch to sleep mode for the first sleep interval defined by initial sleep window, which dynamically tune according to the statistical measurement of traffic load from physical layer . By analyzing the behaviors of a mobile station working in the sleep-mode operation with a Markov chain model and exploring the relationship among traffic, energy consumption and mean delay of power saving mechanism based on cross-layer design, a heuristic algorithm is proposed to adapt the parameters of sleep-mode mechanism to the mobile station traffic and the mean delay requirement. Extensive simulation results show that the proposed algorithm outperforms the traditional power saving mechanisms in both the power consumption and the mean delay.
INTRODUCTION
The extensive growth of the wireless networking technology over the last decade has lead to an increasing demand for new applications. Moreover, to provide both real-time voice and high-bandwidth data communication, new wireless communication systems are being developed. IEEE 802.16e [1] is one of the candidates for the nextgeneration mobile networking; it supports Mobile Stations (MS) moving at vehicular speed in licensed bands and amendment for broadband wireless access (BWA). WiMAX is based on IEEE 802.16 standard [1, 2] , has the potential advantage in the mobility of wireless media, and it can increase the market of BWA and fill the gap between very high data rate wireless local area networks and very high mobility cellular systems.
In mobile networking, the power consumption of an MS is an important index for measuring portable mobile devices performance because of mobility of MS, which is generally energized by battery, implies that Power-Saving Mechanism (PSM) becomes an issue in designing the Medium Access Control (MAC). To enhance the power efficiency of BWA devices based on battery energy, IEEE 802.16e employs the sleep mode operation to minimize MS power usage due to little power consumption in sleep mode. Therefore, power-saving strategy is recently specified in the MAC protocol. Nevertheless, if the MS works in high load, frequent startups will cost so much energy that such an energy-saving mechanism is not energy efficient. And excessive listen window will still consume energy so large limited energy that cannot meet the requirement of practical services when the mobile station works in light traffic load. In IEEE 802.16e, two power saving classes are defined for data service of MS: power saving class type I is recommended for connections of Best-effort (BE) and Non-real-time Polling Service (NRT-PS) traffic. In IEEE 802.16e standard, an MS conducts pre-negotiated periods of absence from the Serving Base Station (BS) air interface in sleep mode to downlink and uplink traffic. When the MS enters into sleep mode, the BS will buffer all packets from the network until the sleeping MS wakes up. Packets delay will increase with the sleep interval, and mean delay is mainly measure to Quality-of-Service (QoS). For this, QoS is ensured when reduce the power consumption.
In this paper, this article investigates the performance of the sleep-mode operation which is receiving more attention within the WiMAX power saving strategies. The maximum sleep window setting in physical layers is demanded to bind the delay in the required range in IEEE 802.16e sleep mode operation. However, most studies have focused only on energy consumption [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . In particular, in [3] an enhanced PSM is developed to overcome excessive listening operations in sleep-mode and in [4] a dynamic algorithm is proposed to tune the initial sleep window according to the traffic load. For the same system, in [5] , the work is extended to IEEE 802.16e sleep mode operation and proposed a queuing system with multiple vacations [6] - [8] . A similar sleep mode operation employed in a cellular digital packet data systems have been investigated in [9] by simulations. In [14] , the sleep-mode operation is modeled in IEEE 802.16e and evaluated the effects of minimum sleep window, maximum sleep window and MAC packet arrival rate on networks performance metric.
Although reducing power consumption of mobile broadband wireless access devices energized by battery is very important in wireless broadband networking, the packets' delay also has to be seriously considered because some applications are very sensitive to delay or jitter. In [12] , a theoretical Phase-type based Markov chain model is proposed to describe the behavior of the mobile stations working in sleep mode. Therefore, the service process is designed as a discrete Phase-type model. By means of the mathematic tools of Phase-type theory, the authors derive the closed-form expressions of the mean sojourn time of packets and power consumption and then propose a simple utility function to quantify the efficiency of sleep mode operation which takes the joint effect of sojourn time and power saving into account. In [13] , a simple model is proposed to calculate the packets' delay by only considering the delay due to the sleep interval but ignoring the queuing delay. Most algorithm works still stay in the parameter analysis, but few researches for maximizing the battery life of mobile stations by efficient energy management techniques. In addition, we proposed a heuristic algorithm to solve the problem of energy consumption inefficient due to frequently sleep-awake transitions in [11] . Although the proposed algorithm can enhance the power efficiency of BWA devices based on battery energy when MS's traffic load is high, excessive listen window will still consumption energy so large limited energy that cannot meet the requirement of practical services when the MS works in light traffic load.
In this paper, we develop a simple analytical model to investigate the PSM based on the check state for IEEE 802.16e [11] . Furthermore, based on the theoretic analysis, an adaptive power saving strategies based on cross-layer design is proposed to enhance performance of the power consumption. The algorithm solves the problem of energy consumption inefficient due to frequent startups and excessive listening interval in sleep mode. Extensive simulation results show that the proposed algorithm can improve the power consumption significantly and bind the delay in the required range.
The rest of this paper is organized as follows. In Section II, we provide a simple description of the considered IEEE 802.16e PSM with idle check time. Then, in Section III we present an analytical model to compute the performance metrics of the PSM. Performance is investigated in Section IV. The adaptive algorithm based traffic-aware is proposed and the performance of the proposed algorithm is validated by extensive simulations in Section V. Finally, the conclusions are drawn in Section VI.
II. PSM BASED ADAPTIVE SLEEP MODE OPERATION
In this paper, we address only Power Saving Class Type I, which is recommended for connections of NRT-PS and BE traffic. Note that the MS is capable of waking up at any time when (from MS to BS) uplink traffic arrives, the article analyze only the behaviors of an MS working in downlink (from BS to MS).The PSM based on cross-layer design is illustrated in Figure1, which is based on time scheme to trigger transition from a sleep window to next sleep window and awake mode to sleep mode. After being idle a period of time (a time parameter based traffic) [15] , the MS will send a MOB_SLP-REQ message to the serving BS and wait for respond with an MOB_SLP-RSP message of the BS. The MS switch to sleep mode for the first sleep interval defined by initial sleep window T 0 (a adaptive window based real time network traffic), after receiving the message, which carries the initial sleep window, listening window, Final sleep window, traffic triggered wakening flag and so on. When the sleep interval is over, the MS wakes up a short interval, called listening interval (the MS terminates power-saving state), to receive MOB_TRF-IND (a downlink traffic indication) message broadcasted by the BS to alert the MS of appearance of downlink traffic. When the MS senses a positive indication, it wakes to receive the packets address to it in the buffer of the BS as well as packets arriving to BS during the time the MS receives queued packets. Otherwise, the MS is still in the sleep mode and continues sleep for another sleep interval. Each the size of next sleep window is twice the size of the previous one, but not greater than Final sleep window, which defined calculate as (1) .
Next Sleep window = min (2× (Previous sleep window), Final-sleep window).
III. ANALYTIC MODELS For Power Saving Class Type I, the renewal scheme of sleep windows by binary exponential might fit the behavior of demand created by "random" IP data packet like Web browsing, of which applications typically produce more traffic once a single packet appears. Then, we develop a Markov chain model that based on adaptive idle time allocation scheme to trigger transition to describe the behavior of an MS. Then, the length of the ith sleep interval, T i is given by
In addition, we assume that the data packet arrival process from network to a BS follows a Poisson process with arrival rate λ. The service time of a packet is assumed to be generally distributed with Probability Density Function (PDF) v (t), and
The behaviors of an MS working in power-saving mode can be described with a bi-dimensional random process {s (t), m(t)}. Herein, m(t)(0 ≤ m(t) ≤ M,) represents a stochastic process indicating the sleep stage of the MS at time t (m(t) = i means the MS stays in the ith sleep interval at time t), and s(t) represents the stochastic process indicating the mode of the MS at time t (s(t) = 'S' means that the MS is sleeping and s(t)= 'W' means that the MS is receiving packets from the BS and s(t)= 'I' means that the MS is staying a idle state). The state In Figure 2 , α i represents the transition probability from state (S, i) to state (S, i+1) (or from (S, M) to (S, M) when i = M), which is equal to the probability that no packets arrive in the ith sleep state. Then, we have , 0
Correspondingly, the transition probability from (S, i) to related serving state (W, i) is given by 1−α i . β i represents the transition probability from state (W, i) to state (S, 0), which is equal to the probability that no packets arrive after the MS stayed in a idle state for time
Correspondingly, the transition probability from (w, i) to (w, i) is given by 1−β i .
To simplify the presentation, the transition probability
In this Markov chain, the only non-zero one-step transition probabilities are
｛S,W,D,T｝is the stationary distribution of chain. Then, from (5), we have
; 
From (7) and (8), stable probabilities
Once the values of λ, M and τ i are known, all the steady state probabilities can be obtained. Indeed, λ and M could be known for a given system and τ i is based on design requirements.
IV. PERFORMANCE ANALYSES

A. Power consumption Analysis
The key purpose of employing sleep mode in IEEE 802.16e is to conserve the power consumption of MS. Under the adaptive sleep-mode operation, the power consumption of the MS can be divided into three parts: is the first for receiving the data packets, the second for idle and the third for sleep operation, which consists of sleeping, listening and state switching [10] . Let Ps and P W denote the power consumption for sleep and no sleep respectively 1 . Let E switch denote the energy consumption for state switching. The power consumption for receiving the expected packets and idle is given by λE[v]P W . In addition, the second part of the power consumption can be computed by the probability sum of the power consumption in each state. Then, the total power consumption P MS is expressed as (11), given the traffic load, idle check time and the service time of a packet, the power consumption can be obtained.
B. Mean Access Delay Analysis
Packets' mean access delay is defined as the time interval from the moment when a packet arrives at the BS till the moment when the packet is successfully received by the related SS. Since packet arrivals follow Poisson 1.From [12] , the power consumptions for idling, listening and servicing are nearly the same, and thus we omit the definition of the power consumption for idling and listening. distribution, the arrival events are random observers to the sleep intervals. Then, assume there are j packets addressed to the SS buffered in the BS after the ith sleep state, the mean access delay averaged over these j packets is given by(G i +(j+1)E[v])/2. During these j packets being received, some new packets may arrive, and during the new arrived packets being received some more packets may arrive, and such iterative process terminates till no packets arrive during the preceding step. In this way, calculating the mean delay is a complex recursion. To simplify the calculation, we only consider the first order recursion. From the standpoint, we only consider the scenario with light traffic load (=λE[v]<0.5), where the probability that there are packets available after the first order recursion is very low. From the analysis above, the probability that there are j packets buffered after sleep state {i, 0} is given by
The mean number of packets served in the i awake state and idle check state when j packets buffered after {S, i} is given by
The packet will be served at once when packets arrive at idle check state. Then, we obtain the delay averaged over the packets served in ith service state with j initial packets as
(10) Consequently, the delay averaged over all packets is given by
C. Power consumption vs. Delay
For the purpose of comparison, two detect time in [11] and in the standard with different traffic load are considered to illuminate the idle detect time effect of the on the power consumption and the delay.
From (11), given the load, check time, the power consumption and delay varies with the probability that the MS stays in each state, which is determined by the parameters  i . With the following parameters: T L = 5ms, T 0 = 5ms, E Switch = 0.001J, P W = 1W, P S = 0.05W and M = 6, we plot the power consumption and the mean delay with respect to the traffic load in Figure 3 and Figure 4 respectively.
From Figure 3 , it is observed that the power consumption increases with the traffic load and the check time when the traffic load under 0.43, but the power consumption of the standard is higher than in [11] when the load is higher than 0.43 which implies appropriate settings detect time is power efficient. Since an enough big traffic load means frequently sleep-awake transitions, which waste more energy. However, service demand may have different method for different connections. For example, in the case of NRT-PS or BE service, the demand for transmission of few data appears in a certain time. Hence, to solve the problem of energy consumption inefficient due to frequently sleep-awake transitions when mobile stations' traffic load is high, data transmission within listening window should be allowed without interruption of sleep state.
As illustrated in Figure 4 , the mean access delay decreases with the idle check time. For the purpose of comparison, the parameter by the proposed in [11] and by the algorithm the standard are plotted. Note that the mean access delay we defined is the delay averaged over all packets during a frame period (Including sleep mode and awake mode). A large idle check time (the t idle check time by the proposed in [11] ) has a smaller mean access delay, but a little traffic load as a larger packet response time since the MS cannot response more quickly to the packet arrivals. Therefore, there should be a tradeoff between the power consumption and the mean delay, and an algorithm utilizing the idle check time to solve the From Figure 5 , it is observed that the power consumption increases with the traffic load, but it decreases with the initial sleep window for various traffic loads, which implies that increasing the initial sleep window is power efficient. However, the decreasing speed of the power consumption decreases quickly as the initial sleep window increases, which implies that increasing the initial sleep window cannot bring marked gain in power consumption in the range of high initial sleep window.
Differently, Figure 6 shows that increasing the initial sleep window is not a QoS efficient choice in the whole range. In particular, the delay gap is up to 15.5 in the region with small initial sleep window. It is observed the mean access delay decreases with the traffic load, but it increases with the initial sleep window quickly for various traffic loads, which implies that increasing the initial sleep window is not a QoS efficient choice in the whole range. Especially, in the range of big initial sleep window the delay is high, which is larger than the QoS requirement of some time-aware services. Therefore, there should be a tradeoff between the power consumption and the mean delay, and the key of the tradeoff is the initial sleep window.
V. DYNAMICAL POWER SAVING MECHANISM
A. Dynamic Tuning of initial sleep window
Power saving efficiency is very important in IEEE 802.16 sleep mode operation. To solve the problem of power consumption inefficient due to frequently sleepawake transitions in IEEE 802.16e sleep mode operation when mobile stations' traffic load is high, we propose a heuristic algorithm in [11] to improve the energy efficiency of battery powered IEEE 802.16e wireless access devices according to the statistical measurement of real time traffic load of the network.
But excessive listen window will still consumption energy so large limited energy that cannot meet the requirement of practical services when the mobile station works in light traffic load. To solve the problem of excessive listening interval in sleep mode of IEEE 802.16e, which is generally reduces the efficiency of be used air interface and waste a lot of limited energy resources of a mobile station, a dynamic algorithm based on cross-layer design is proposed to set the parameters of sleep mode operation with real-time sleep cycle from MAC layer and the information of physical layer. Then, the Base Station adjusts the parameters from the flow intervals information of its physical layer.
In the standard, the MS returns to the sleep mode with T 0 regardless of the load. As shown in Figure 3 , a high load leads to high power consumption if the initial sleep window is small. Thus, an adaptive power saving strategies based on cross-layer design should be considered: after being idle a certain amount of time (a design time parameter to overcome the flaw of energy efficiency drop with the short time sleep), the MS revert to an initial sleep window which is dynamically tuned according to the time of idle check state and the statistical measurement of traffic load from physical layer. From Figure3, a high initial sleep window results in high delay, and thus the selection of the initial sleep window should take the effect of delay into account. In addition, the selection set of sleep window is generally fixed in the firmware of the physical layer of IEEE 802.16e devices. Therefore, the initial sleep window selected by the proposed algorithm should also in the feasible set 2
From the analysis above, we develop a simple tuning algorithm for the initial sleep window, which tune the initial sleep window according to the knowledge of the physical. In this algorithm, after being idle a certain amount of time (a design time parameter) the MS does The update algorithm of the initial sleep window described in (12) is capable of automatically providing a fitting initial sleep window for traffic load MS's. With the original standard, high traffic load mobile stations' are power consumption inefficient due to frequently sleep-awake transitions, and a fitting initial sleep window provided by the proposed algorithm can decrease the power consumption efficiently. Furthermore, mean access delay decreases because of setting idle check state.
B. Performance Evaluations
To evaluate the performance of the proposed dynamic algorithm, we implement extensive simulations with the same parameters shown in IV. The simulation is achieved via discrete event simulation tool NS2. The simulation time for each scenario is 50 hours, and the results are obtained via averaging values from 5 different runs with different seeds. To the purpose of comparison, the performance of traditional standard is simulated as well in which the parameters of sleep mode are M = 6. Figure 7 shows performance metrics. We first investigate the performance in power consumption of the algorithm in Figure7. The proposed algorithm outperforms the standard in various traffic loads. When the traffic load is high, the performance gain is diminution. This is because that high traffic load makes the MS always stay in the awake window, which implies the algorithm behaves as the standard.
As shown in Figure 8 , it is observed that the mean delay of the proposed algorithm is higher than that of standard when the traffic load is lower than 0.34, but the gap is very small, and Figure 9 describes the details of this change. The standard enables the MS returns to the minimum sleep window T 0 after each serving, and thus it can obtain the minimum mean delay. The proposed algorithm adapts the sleep window to the traffic load, the idle detect time and the QoS, and it is capable of approaching to the mean delay obtained by the standard. In high traffic load range, the mean delay of the proposed algorithm is under than that of standard for various traffic loads, and the proposed algorithm enables the MS incepts the packet from net to BS at once in idle check state, and thus it can obtain the reduced mean delay.
From Figure 7 , Figure 8 and Figure 9 , we find that the proposed algorithm can save more power consumption than IEEE 802.16e standard, and mean delay is smaller since the MS can response more quickly to the packet arrivals. Therefore, the proposed algorithm achieves a proper tradeoff between the power consumption and the mean delay. Figure 9 . The mean delay in dynamic algorithm
VI. CONCLUSIONS
In this paper, we introduced the power-saving mechanism of the IEEE 802.16e based on idle check state. Then, we employed a simple Markov chain model to investigate the performance of IEEE 802.16e sleep mode operation based on cross-layer design. This model properly describes the behavior of the MS working in sleep-mode scheme. The analytical results show that the power consumption decreases with initial sleep window around high traffic load but not heavy load, and the mean delay increases with initial sleep window. Then, an adaptive power saving strategies based on cross-layer design, which tunes the initial sleep window dynamically according to the flow intervals information from the traffic load of the BS physical layer, was proposed to enhance performance of the power consumption and bounds the delay in the required range. Extensive simulation results show that the proposed algorithm can improve the power consumption significantly. The price of the algorithm is just a little increase of algorithm complexity.
